I N T R O D U C T I O N
There is an increasing need for transition probabilities of rare-earth elements in astrophysics in relation to the determination of the chemical composition of the stars. These data are particularly important for the study of chemically peculiar stars which show large overabundances of rare-earth elements when compared with the Solar system values (see e.g. Cowley 1984) , and for the metalpoor Galactic halo stars in relation to the early history of the Galaxy (see e.g. Sneden et al. 1996) . Radiative data, in the case of holmium, are also useful in the industry for the production of metal halide high-intensity discharge lamps with high luminosity efficiency (Den Hartog, Wiese & Lawler 1999 (Martin et al. 1978 ; http://physics. nist.gov/PhysRefData/contents.html), 121 levels of this ion have been experimentally determined. They belong to the 4f 11 ground configuration and to the first excited ones, i.e. 4f 10 nl (with nl ¼ 5d, 6s and 6p), and they are essentially taken from laboratory analyses by McElaney (1964 McElaney ( , 1976 and by Wyart, Crosswhite & Hussain (1976) .
Transition probability determination or radiative lifetime measurements in Ho I have been the subject of only a very limited number of investigations (Corliss & Bozman 1962; Blagoev, Volters & Komarovskii 1978; Gorshkov & Komarovskii 1979; Doidge 1995a,b; 1996) .
The situation is rather similar in Ho II where the scarce measurements available are due to Gorshkov & Komarovskii (1979) , Worm, Shi & Poulsen (1990) and Den Hartog et al. (1999) , while the only calculation in this ion has been performed by Migdalek (1984) .
In Ho III, no transition probabilities at all have been available up to now on either the theoretical or the experimental side.
These considerations justify the present first transition probability determination in this ion. More precisely, we have combined laser lifetime measurements in a laser-produced plasma with configuration interaction calculations including core polarization (CP) effects, in order to deduce a first set of transition probabilities in Ho III. This work is part of an extensive programme of lifetime measurements in doubly ionized lanthanides carried out at the Lund Laser Centre (LLC) in Sweden, and of transition probability calculations at Liège and Mons universities. The results obtained so far concern the following ions: La III (Li & Jiang 1999) , La III -Lu III (Biémont et al. 1999) , Ce III , Gd III (Zhang et al. 2000) , Er III (Biémont et al. 2001a ), Pr III (Palmeri et al. 2000; Biémont et al. 2001b ), Tm III , Yb III (Biémont et al. 2001c ) and Eu III (Zhang et al. 2001) . These new atomic data are progressively incorporated in a data base of astrophysical interest, DREAM, which has been created on a web site at http://www.umh.ac.be/,astro/dream.shtml and which is also available through anonymous FTP at the address umhsp02.umh.ac.be/pub/ftp_astro/dream.
E X P E R I M E N TA L S E T-U P
The six levels of Ho III considered in the present experiment belong to the configuration 4f 10 6p, and they were measured using a two-step excitation time-resolved laser-induced fluorescence technique. The experimental schemes are summarized in Table 1 . The experimental set-up used in the present experiment is illustrated in Fig. 1 . Ho 21 ions were produced in a laser-induced plasma using laser pulses at 532-nm wavelength, emitted from a Nd:YAG laser (laser A) (Continuum 1 surelite) with 10-Hz repetition rate, 10-ns duration and variable pulse energy (0-50 mJ). A frequency-doubling dye laser (laser B), pumped by a Nd:YAG laser (Continuum NY-82) with 8-ns pulse width and 400-mJ pulse energy, was used to excite the Ho 21 ions from the ground state to the level at 31 903.06 cm
21
. The second excitation step, which consisted of exciting the ions from the level at 31 903.06 cm 21 to the levels of interest, was carried out by a suitable laser (laser C). In order to obtain adequate excitation, 8-ns pulses emitted by another Nd:YAG laser (Continuum NY-82) were sent to a stimulated Brillouin scattering (SBS) compressor to shorten the pulses to 1 ns. The laser was used to pump a dye laser (Continuum Nd-60). DCM dye was used in the experiments, and the frequency-doubling, frequency-tripling or second Stokes component of the dye laser was obtained using a KDP crystal, a retarding plate, a BBO crystal and a hydrogen cell.
All three lasers were triggered by a digital delay generator (Stanford Research System 2 , Model 535) and the delay between the ablation and excitation pulses was adjusted. After the ions were produced by focusing the laser A perpendicularly on to the surface of Ho foil rotated in a vacuum chamber, the ions were excited selectively by the excitation lasers B and C crossing the plasma horizontally. The fluorescence decay was imaged by two CaF 2 lenses and concentrated on the entrance slit of a vacuum monochromator. A Hamamatsu 3 R3809U-58 photomultiplier was used for the detection.
The time-resolved signal was averaged with a digital transient recorder (Tektronix 4 model DSA 602), and the fluorescence decay curve was sent to a personal computer for lifetime determination. The lifetime evaluation was performed by fitting the fluorescence decay signal curve with a convolution between an exponential function with adjustable parameters and a detected laser pulse. For each level, more than 20 curves were averaged. The six lifetimes measured are reported in Table 2 .
In order to be sure that the Ho 21 lines of interest were considered, the modification of the fluorescence signal as a function of the delay time was investigated, because the maximum fluorescence signal does appear at shorter delay times for Ho III than for Ho I and Ho II ions. Possible flight-out-of-view effects were investigated and found to be negligible in the present study.
As a further refinement, a magnetic field of about 60 G was added in the plasma zone by a pair of Helmholtz coils in order to eliminate possible Zeeman quantum beat effects, but also to weaken the background associated with the ablation laser and the plasma recombination processes.
In order to obtain a sufficiently high signal-to-noise ratio, a decay curve was obtained by averaging fluorescence photons from more than 2000 pulses. A typical decay curve is shown in Fig. 2 .
C A L C U L AT I O N S
The doubly ionized lanthanides generally have an electronic structure with an open 4f shell, and in addition one or two outer excited electrons. Configurations such as 4f r nln 0 l 0 , particularly with 4 ¼ n ¼ 10, generate large energy matrices and, in view of the computer limitations, it is possible to introduce in the atomic calculations performed with the relativistic Hartree-Fock (HFR) code (Cowan 1981 ) only a very limited number of interacting configurations.
In Ho III, configuration interaction has been retained between 4f 11 , 4f 10 6p, 4f 10 7p, 4f 10 5f and 4f 10 5d, 4f 10 6s, 4f 10 7s configurations. To take the interactions with additional configurations partially into account, a least-squares fitting of the energy level values (Martin et al. 1978 ) was considered. The adjusted parameters are given in Table 3 . For the Slater integrals that were not varied in the least-squares fit, a scaling factor of 0.85 was introduced. The mean deviations were 48 cm 21 for 50 odd levels and 71 cm 21 for 72 even levels, which correspond to 0.06 and 0.16 per cent of the energy range of the fitted levels, respectively. The effective interaction parameters a, b and g of the 4f 10 6p, 4f 10 5d and 4f 10 6s configurations were not fitted because only three 4f 10 parent terms are known (i.e. 5 I, 5 F, 5 G), allowing us to optimize only two of the three F k (4f, 4f) Slater integrals (k ¼ 2, 4, 6), the third one being fixed at 85 per cent of its ab initio value. In addition, CP effects were introduced in the calculations according to a procedure previously described (see e.g. Biémont et al. 1999 Biémont et al. , 2001a . We have adopted for the static dipole polarizability of the core, a d , the numerical value 6.07a 0 3 published by Fraga, Karwowski & Saxena (1976) (Ho IV) , and for the cut-off radius, r c , the calculated HFR result, r c ¼ 1.47a 0 , which corresponds to the mean value of the outermost 5p orbital (5p 6 core). It has been shown, in our previous investigations of rareearth ions, that consideration of CP effects is necessary (the change induced reaching typically 20 -40 per cent of the lifetime values) in order to obtain calculated lifetimes in agreement with laser experiments. In addition, it appears that CP effects are adequately taken into account using the Migdalek & Baylis (1978) formalism for the 4f r nl24f r n 0 l 0 type transitions (see e.g. Biémont et al. 2001a,b,c) .
The theoretical lifetime results without (HFR) and with (HFR 1 CP) core polarization effects included in the calculations are compared in Table 2 with the laser measurements of the present work. The increase in the theoretical lifetimes arising from the inclusion of CP effects ranges from 29 up to 40 per cent for the six levels measured within the 4f 10 6p configuration. The HFR 1 CP results are in excellent agreement with the measurements. There are no other previous theoretical or experimental data available for comparison.
Using the laser lifetime values and the HFR 1 CP branching ratios calculated in the present work, it has been possible to deduce oscillator strengths for the lines depopulating the measured levels. The results ('NORM') are compared in Table 4 with the theoretical HFR 1 CP results. It should be emphasized that all the transitions of this table belong to the transition arrays 4f 10 5d24f 10 6p and 4f 10 6s24f 10 6p and, consequently, their transition probabilities are expected to be accurate to within a few per cent. A more extensive table of transition probabilities and oscillator strengths is available in the DREAM data base mentioned in Section 1.
A S T R O P H Y S I C A L A P P L I C AT I O N S
If rather few lines of Ho III have been identified in stellar spectra, this is partly due to the lack of atomic data which has prevented up to now a quantitative analysis of these spectra.
As an example, Przybylski's star, a G0 star with high metal content, contains a large number of lines arising from singly ionized rare earths, but the spectrum of HD 101065 also contains many lines of doubly ionized rare earths including Nd III and Pr III which are strong, while Ce III, Sm III and Dy III are marginal. A line of Ho III is observed at 406.508 nm (http://www.astro.lsa.umich. edu/users/cowley/przyb.html; see also Ryabchikova et al. 2000) . Ho 21 transitions have also been identified in the spectrum of the chemically peculiar star HR 465 by Bidelman, Cowley & Iler (1995) .
It is expected, however, that the new set of atomic data obtained in the present work will help astrophysicists in their identification and abundance determination work based on the ultraviolet/visible high-resolution spectra that are now becoming available (e.g. Hubble Space Telescope spectra), particularly for chemically peculiar stars.
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